That natural selection affects molecular evolution at synonymous sites in protein-coding sequences is well established and is thought to predominantly reflect selection for translational efficiency/accuracy mediated through codon bias. However, a recently developed maximum likelihood framework, when applied to 18 coding sequences in 3 species of Drosophila, confirmed an earlier report that the Notch gene in Drosophila melanogaster was evolving under selection in favor of those codons defined as unpreferred in this species. This finding opened the possibility that synonymous sites may be subject to a variety of selective pressures beyond weak selection for increased frequencies of the codons currently defined as ''preferred'' in D. melanogaster. To further explore patterns of synonymous site evolution in Drosophila in a lineage-specific manner, we expanded the application of the maximum likelihood framework to 8,452 protein coding sequences with well-defined orthology in D. melanogaster, Drosophila sechellia, and Drosophila yakuba. Our analyses reveal intragenomic and interspecific variation in mutational patterns as well as in patterns and intensity of selection on synonymous sites. In D. melanogaster, our results provide little statistical evidence for recent selection on synonymous sites, and Notch remains an outlier. In contrast, in D. sechellia our findings provide evidence in support of selection predominantly in favor of preferred codons. However, there is a small subset of genes in this species that appear to be evolving under selection in favor of unpreferred codons, which indicates that selection on synonymous sites is not limited to the preferential fixation of mutations that enhance the speed or accuracy of translation in this species.
Introduction
Molecular evolution at synonymous sites is thought to be largely characterized by selection for biased codon usage in Drosophila, yeast, and bacteria. The frequent presence of major codons, which are thought to correspond to the most abundant tRNAs, in protein coding sequences is thought to improve the accuracy and/or the efficiency of translation (Bulmer 1991; ). In Drosophila, there does appear to be a well-defined set of ''major'' or ''preferred'' codons. These definitions are based on identifying those codons that increase in frequency between genes with low codon bias versus high codon bias using correspondence analysis or other similar techniques. Although there are subtle differences in the precise definition of the preferred codons, it is generally accepted that with the exception of at most one codon, preferred codons in Drosophila melanogaster are G or C ending (Akashi 1995; Duret and Mouchiroud 1999) . Moreover, these codon preferences appear to be generally conserved across many Drosophila species; major codons between D. melanogaster and Drosophila pseudoobscura, for instance, are nearly identical (Akashi 1997) .
The evolution of codon bias and the nature of selection on biased codon usage in Drosophila have been extensively investigated. In general, the estimated strength of selection on codon bias in Drosophila is quite weak (Akashi 1995 (Akashi , 1997 McVean and Vieira 2001; Singh et al. 2004 ), but because codon bias is believed to be maintained by mutationselection-drift equilibrium (Sharp and Li 1986; Bulmer 1991; Akashi and Schaeffer 1997; McVean and Charlesworth 1999) , there is substantial variation in the degree of codon bias within and between genomes. For instance, within a given genome, codon bias is known to be correlated with genic features such as protein length (Akashi 1996; Eyre-Walker 1996; Comeron et al. 1999; Duret and Mouchiroud 1999; , recombination rate (Kliman and Hey 1993; Comeron et al. 1999; Marais et al. , 2003 Hey and Kliman 2002) , rate of protein evolution (Akashi 1996; Cutter et al. 2003) , expression level (Sharp and Li 1986 ; see also Bulmer 1988; Duret and Mouchiroud 1999; reviewed in Akashi 2001; Hey and Kliman 2002) , gene density (Hey and Kliman 2002) , chromosomal location (Comeron et al. 1999; Hambuch and Parsch 2005; Singh et al. 2005b) , as well as features such as the presence and length of introns (Comeron and Kreitman 2000; Vinogradov 2001 ).
In addition to varying intragenomically, codon bias also varies between species. The D. melanogaster lineage, for instance, appears to have undergone a dramatic reduction in codon bias since its divergence with Drosophila simulans (Akashi 1995 (Akashi , 1996 McVean and Charlesworth 1999; Bauer DuMont et al. 2004; Akashi et al. 2006; Nielsen et al. 2007 ). In addition, patterns of synonymous codon usage in the Drosophila saltans/Drosophila willistoni clade appear to deviate significantly from that of its relatives in the melanogaster and obscura groups in the subgenus Drosophila (Anderson et al. 1993; Rodriguez-Trelles et al. 1999a , 1999b , 2000a , 2000b Powell et al. 2003) .
Becausecodonbiasismaintainedbymutation-selectiondrift balance, these intragenomic and interspecific heterogeneities in patterns of codon usage may result from differences in the strength of selection on codon bias, differences in effective population size (mediated at least in part by both intragenomic and interspecific variation in recombination rate), as well as differences in mutation biases. Disentangling the roles of mutation versus the strength and efficacy of selection in the evolution of codon bias has proven challenging thus far. Recently, a maximum likelihood framework was developed which estimates not only patterns of single nucleotide mutations but also the strength of selection on synonymous sites (Nielsen et al. 2007 ). Importantly, this methodology allows for lineage-specific parameter estimation, which facilitates interspecific comparisons of both mutation rates and the nature of selection on synonymous sites.
The results from the initial application of this method to 18 protein-coding sequences (Nielsen et al. 2007) hinted at the possibility of interspecific differences in mutation rates between D. melanogaster and its sister species D. simulans and were suggestive of differences in patterns of selection at synonymous sites between species. Whereas in D. simulans, these results provided support for selection in favor of preferred codons in several genes, only 1 of the 18 genes in D. melanogaster, Notch, showed signs of selection at synonymous sites. Consistent with previous results (Bauer DuMont et al. 2004) , Notch was shown to be evolving under selection in favor of unpreferred codons in this lineage, which clearly deviates from the traditional model of selection on synonymous sites wherein preferred codons are selectively favored.
The results from this initial study (Nielsen et al. 2007 ) yielded 3 unresolved questions. One, is there any evidence for significant differences in mutation rates among closely related Drosophila species at a genomic scale? Two, in addition to Notch, are there other genes in Drosophila that show evidence of selection toward unpreferred codons? Three, do patterns of synonymous site evolution differ interspecifically across the genome? Here, we present an application of this maximum likelihood framework to a set of 8,452 genes aligned among D. melanogaster, Drosophila sechellia, and Drosophila yakuba. This application facilitated estimating lineage-specific mutation rates as well as lineage-specific gene-by-gene estimates of the selection parameter on synonymous sites (S 5 2N e s) for both D. melanogaster and D. sechellia. Note that for the current application of this methodology, we chose to use coding sequences from D. sechellia instead of D. simulans given the apparently slightly higher quality of the data in the former (see Methods); the results from D. sechellia are likely to be comparable to those from D. simulans given that the majority of their evolutionary history has been shared. Moreover, distributions of codon bias show no significant differences between D. sechellia and D. simulans (data not shown), which suggests that any trend specific to one of these lineages is likely to have evolved quite recently and would thus not have marked impact on our results.
Our results are suggestive of differences in mutational patterns between the X and the autosomes within each species and also indicate clear differences between species with respect to the relative rates of each of the 12 single nucleotide mutations. Moreover, our results suggest that in D. sechellia and D. melanogaster, whereas the majority of genes under selection at synonymous sites show selection in favor of preferred codons, there does exist a small subset of genes evolving under selection toward unpreferred codons. These results represent the first documentation of selection in favor of unpreferred codons in an additional Drosophilid, which suggests that patterns of synonymous site evolution at Notch in D. melanogaster are not unique. However, very few genes in D. melanogaster show evidence for selection after correction for multiple tests, whereas this is not the case for D. sechellia. Thus, our analyses highlight the dynamic nature of patterns of mutation and selection at synonymous sites on an evolutionary timescale.
Methods

Coding Sequences
We downloaded all of the coding sequences that have been aligned in the D. melanogaster species group from the AAA Web site (http://rana.lbl.gov/;venky/AAA/freeze_ 20061030/protein_coding_gene/GLEANR/alignment/), which are presented elsewhere (Drosophila 12 Genome Consortium, forthcoming). We used the masked alignments of single-copy orthologs based on the longest coding sequences and with a guide tree. From these 6 species alignments, we extracted those sequences corresponding to those from D. melanogaster, D. sechellia, and D. yakuba and stripped the alignments of sites that contained bases that were masked (details on the masking protocol can be found at http://rana.lbl.gov/drosophila/wiki/index.php/ Alignment_Masking) in at least one of these species (Sackton T, Larracuente A, personal communication). We chose to use D. sechellia instead of D. simulans because D. sechellia had a lower proportion of masked sites within the multispecies coding sequence alignments than D. simulans. This procedure resulted in 8,452 coding sequences that were aligned between D. melanogaster, D. sechellia, and D. yakuba.
Given the potential for sex-specific mutational biases, we separated X-linked and autosomal genes for our analysis. Chromosomal locations were taken from the gene annotations in Release 4.3 of the D. melanogaster genome, and we assumed that the chromosomal locations of the orthologous sequences in D. sechellia and D. yakuba were the same. Although there are likely to be some genes that have moved from one Muller element to another in these lineages, we expect that this number will be very small given the low rate of interchromosomal gene movement in Drosophila (Ranz et al. 2001; Richards et al. 2005 ) and thus would not significantly affect our results.
Maximum Likelihood Estimation of Selection on Codon Usage
To estimate the selection for optimal codon usage bias on each lineage of the phylogeny, we use the method of Nielsen et al. (2007) . In brief, this method is an extension of the classical codon-based likelihood models (Goldman and Yang 1994; Muse and Gaut 1994) that allows selection for optimal codon usage. S, the scaled selection coefficient in favor of mutations from the unpreferred to the preferred state, is a parameter of the Markov model and is estimated independently on each lineage of the tree. If S is positive, this implies selection in favor of the preferred state, and if S is negative, this implies selection against the preferred state. A likelihood ratio test of the null hypothesis of no selection, H 0 : S 5 0, is performed by comparing the maximum likelihood values under a model in which S 5 0 to a model in which S is considered a free parameter. In addition to S, parameters of the mutation matrix and x, the d N /d S ratio, are also estimated on each lineage.
Other Genic Features
Two metrics of codon bias were calculated for each of the 8,452 coding sequences in our analysis. Both the frequency of optimal codons (FOP) (Ikemura 1981 ) and the effective number of codons (ENC) (Wright 1990 ) were estimated using codonW (http://bioweb.pasteur.fr/seqanal/ interfaces/codonw.html). For the estimation of FOP, the optimal codons for D. melanogaster were used for all species, which is appropriate given that codon preferences appear to be quite conserved across Drosophila (Akashi and Schaeffer 1997) .
We also retrieved information on the length of the coding sequences for D. sechellia for all of the genes included in our analyses. These data were extracted from the gff files for each species (http://rana.lbl.gov/;venky/AAA/ freeze_20061030/protein_coding_gene/GLEANR/annotation/) (Larracuente A, personal communication).
GC Content
Equilibrium GC content (p GC ) was calculated as the stationary distribution of the mutation rate matrix. The equilibrium frequency is found for each base by solving a system of 4 equations such as (
where q i/j is the mutation rate from base i to base j. We then calculate p CG 5 p G þ p C . Observed GC content was calculated from 4-fold degenerate sites along the entire aligned gene sequence in D. melanogaster and D. sechellia.
Gene Ontology
We investigated whether certain functional categories of genes had characteristically elevated estimated strengths of selection. Given the samples sizes of gene subsets, we only considered genes with positive selection parameter estimates in D. sechellia. We tested whether genes associated with given gene ontology (GO) terms had an elevated median strength of selection relative to expectation given the distribution of the selection parameters for the gene study set. The GO terms used were based on a customized D. melanogaster GO-SLIM association file (Larracuente A, Sacton T, personal communciation). To assess significance, we used permutation tests; data sets were permuted 10,000 times to calculate the P value, following procedures described previously (Drosophila 12 Genomes Consortium, forthcoming).
We also used the Web implementation of GeneMerge (http://www.oeb.harvard.edu/hartl/lab/publications/ GeneMerge/GeneMerge.html) (Castillo-Davis and Hartl 2003) to test whether there were GO terms that were significantly over-or underrepresented in our 5% false-discovery rate (FDR) gene set.
Results
Mutation Parameter Estimation
We estimated the relative rates of each of the 12 single nucleotide mutations in D. melanogaster and D. sechellia for X-linked and autosomal genes; these data are presented in figure 1. For this global likelihood analysis, all of the coding sequences were concatenated together for each species to generate lineage-specific mutation rate estimates (see Methods). Because of the difficulty in precisely placing the root on this 3-species phylogeny, we cannot accurately estimate the rates of these mutations in the D. yakuba lineage. In both D. melanogaster and D. sechellia, the rates of C/T and G/A transitions are consistently higher than the rates of all other mutations for both X-linked and autosomal genes. Interestingly, the rates of A/G and T/C mutations appear to be increased in D. sechellia in both X-linked and autosomal genes relative to D. melanogaster. Additionally, the relative rates of the 4 transitions seem to differ on the X and the autosomes, though not consistently between species. Although in D. melanogaster the C/T and G/A mutations are increased on the X relative to the autosomes, the relative rates of these mutations appear to be similar on the X and the autosomes in D. sechellia. In addition, whereas the rates of the A/G and T/C mutations are higher on the autosomes than on the X in D. melanogaster, the opposite is true in D. sechellia ( fig. 1 ).
To assess the overall impact of these variations in the relative rates of each of the 12 single nucleotide mutations, we calculated equilibrium GC content (p GC ) as the stationary distribution of the mutation matrix (see Methods). These data are presented as the ''expected'' GC content in figure 2. In both species, there do appear to be differences in the mutational profiles of X-linked and autosomal genes. In D. melanogaster, p GC is estimated as 32.7% and 29.3% for autosomal and X-linked genes, respectively, whereas in D. sechellia, p GC is estimated at 39.8% and 43.4% for autosomal and X-linked genes, respectively. We cannot currently assess whether these intragenomic differences between X-linked and autosomal sequences are statistically significant given our methodology, but this will be pursued further in the future. These intragenomic differences in p GC between Xlinked and autosomal genes are echoed in the interspecific comparisons of the mutational spectra between D. melanogaster and D. sechellia in a likelihood framework. The mutation profiles of X-linked genes and autosomal genes are significantly different between the 2 species (P ,, 0.0001, likelihood ratio test, both comparisons). For both autosomal and X-linked genes, the relative rates of the transitions appear to be those that differ most dramatically between the 2 species. In particular, the rates of A/G and T/C appear to be higher in D. sechellia than in D. melanogaster, and the rates of the reverse mutations, the C/T and G/A transitions, appear to be lower in D. sechellia ( fig. 1 ), which leads to an increase in the estimate of p GC in D. sechellia versus D. melanogaster ( fig. 2) .
We also compared the inferred equilibrium GC content with the observed GC content for X-linked and autosomal genes in both species. In all comparisons, the observed GC content is substantially increased relative to expectation and the effect appears to be exaggerated in D. melanogaster ( fig. 2 ). In addition, whereas in D. sechellia both observed and expected GC content are increased on the X chromosome relative to the autosomes, in D. melanogaster the expected GC content is decreased on the X chromosome while the observed GC content is increased in relation to the autosomes.
Selection Parameter Estimation
Selection parameters (S 5 2N e s) were estimated in a gene-by-gene analysis using the species-specific mutation rates inferred by the global likelihood analysis presented above. Estimates of S . 0 are indicative of selection in favor of preferred codons, whereas estimates of S , 0 are consistent with selection in favor of unpreferred codons. We will refer to estimates of S in D. melanogaster as ''S m '' and in D. sechellia as ''S s ''. Because these geneby-gene analyses are performed within a likelihood framework, we can restrict our analyses to those genes with some evidence of selection on synonymous sites. Namely, we can focus on those genes that have at least 5 synonymous substitutions and also significantly reject the null hypothesis that there is no selection on synonymous sites (S 5 0). There were 1,609 genes for which the null model was rejected in at least one species and 138 genes that significantly reject the null hypothesis in both species. In D. melanogaster, there were 408 and 171 genes with S m . 0 and S m , 0, respectively, and there were, respectively, 941 and 136 genes with S s . 0 and S s , 0 in D. sechellia.
It is important to note, however, that although the separation of X-linked and autosomal genes for estimating mutation matrices does capture some of the intragenomic variation in mutation rates, it remains possible that mutation rates vary even within these chromosome sets . The use of a single set of mutation rates for each chromosome set may thus influence our estimates of selection parameters. To investigate this possibility, we ran the maximum likelihood model on the pooled autosomal and X-linked genes, which resulted in an estimation of a genomic mutation rate matrix as well as gene-by-gene estimates of S. Reasoning that autosomal genes would principally contribute to the genomic mutation matrix given the relative abundance of autosomal and X-linked genes in the genome, we compared the selection parameter estimates of X-linked genes based on the genomic mutation matrix with those estimated using a X chromosome-specific mutation matrix.
Overall, estimates of S m and S s of X-linked genes were highly correlated between the 2 models (D. melanogaster Kendall's s 5 0.87, P 5 0.0004; D. sechellia Kendall's s 5 0.95, P ,, 0.0001). However, in D. melanogaster, there were 67 genes with significant evidence for selection on synonymous sites based on the genomic mutation matrix that did not show evidence for selection when the X chromosome mutation matrix was employed, all of which had negative selection parameter estimates. In addition, there were 32 genes with evidence of selection based on the X chromosome mutation matrix that did not appear to be under selection when the genomic mutation matrix was employed; 31 of these genes had positive selection parameter estimates, whereas the remaining gene had a negative selection parameter estimate. The results from D. sechellia were much more consistent between the 2 models. There were 10 genes showing selection based on the genomic mutation matrix that did not appear to be under selection when the X chromosome mutation matrix was used, 9 of which had positive selection parameter estimates. In addition, of the 3 genes with significant evidence of selection with the X chromosome mutation matrix that did not show evidence of selection with the genomic mutation matrix, all 3 had negative selection parameter estimates.
It is thus clear that although the quantitative estimates of selection seem comparatively robust to variation in the mutation rate matrices, the enumeration of genes with statistical support for selection on synonymous sites appears slightly more sensitive, particularly in D. melanogaster. The precise effect of masking heterogeneity in mutation rates on selection parameter estimation depends on the differences in GC bias between the more general and more precise mutation matrices. For instance, in D. melanogaster, the X chromosome mutation matrix is more AT biased than the genomic mutation matrix (data not shown), and as a consequence, the application of the genomic mutation matrix yielded several genes with perhaps erroneous support of selection favoring the fixation of AT-rich unpreferred codons. In contrast, in D. sechellia, the X chromosome matrix is more GC biased than the genomic mutation matrix, and as a result, employing the genome mutation matrix yielded a few likely erroneous genes with evidence of selection in favor of GC-rich preferred codons. Further, more precise specification of the mutation rate matrix in D. melanogaster provided additional genes with evidence of selection with predominantly positive selection parameter estimates, whereas in D. sechellia, this led to additional genes with statistically significant negative selection parameter estimates. Future analyses where mutation matrices derived from adjacent noncoding sequences are examined on gene-by-gene basis will help refine our inferences of precisely which genes show strong evidence for selection on synonymous sites and the estimates of the selection parameter.
Given the effects of oversimplification of the mutation matrix on our inferences of selection, coupled with the fact that we have performed over 8,000 tests, there is little question that some of the genes with evidence for selection at synonymous sites correspond to false positives. A 5% false discovery rate (FDR) set (Storey 2002) contains 3 genes in D. melanogaster (1 with S m , 0 and 2 with S m . 0, table 1) and 238 genes in D. sechellia (8 with S s , 0, table 2, and 230 with S s . 0, table 3). Because we are interested in identifying those genomic features that appear to be associated with selection on synonymous sites in these species, the more restricted data set with a stringent false-discovery threshold is most appropriate. As a consequence, the bulk of the analyses presented are based on those genes with positive estimates of S in D. sechellia as there are too few genes in D. melanogaster with evidence of selection and too few genes with negative estimates of S in D. sechellia for comprehensive analysis. Where appropriate, we also draw on comparisons between genes in the 5% FDR set and the full gene set to elucidate characteristics of those genes that show evidence of selection on synonymous sites.
Genes with estimates of S . 0 may be under selection for increased codon bias wherein preferred codons are selectively favored. We therefore examined the relationships between several genic parameters relating to codon bias and the selection parameter estimate for this subset of genes in D. sechellia. X-linked and autosomal loci have been combined because there did not appear to be consistent differences between the chromosome sets either with respect to the distribution of the selection parameter estimates for Xlinked versus autosomal genes or in relation to the relationships with other features. Consistent with expectation, genes with S . 0 show significant increases in the selection parameter with increased codon usage bias, as S is significantly correlated with both FOP (Kendall's s 5 0.24, P , 0.0001) and ENC (Kendall's s 5 À0.22, P , 0.0001). Given that codon bias and protein length are negatively (Akashi 1996; Eyre-Walker 1996; Comeron et al. 1999; Duret and Mouchiroud 1999; Singh et al. 2005a) , it is therefore also expected that protein length and the selection parameter should be negatively correlated. For genes with S . 0, protein length and the selection parameter estimate are indeed significantly negative correlated (Kendall's s 5 À0.54, P ,, 0.0001). Partial correlation analyses reveal that the associations among S, protein length, and codon bias are independent (data not shown).
Intragenomic Comparisons of Selection Parameter Estimates
The strength of selection on synonymous sites in D. sechellia is estimated to be quite weak. Median values of S s were À5.37 and 2.04 for S s , 0 and S s . 0, respectively. Because the estimates of |S s | and the statistical significance of the rejection of the null model (q value) are significantly correlated (Kendall's s 5 À0.71, P , 0.0001 and Kendall's s 5 À0.66, P , 0.0001 for all genes with S s . 0 and all genes with S s , 0, respectively), the estimate of the median strength of selection in the 5% FDR gene set may be biased toward stronger selection parameter estimates. In addition, it is difficult to compare the strengths of selection between the 2 classes of genes (S s . 0 and S s , 0) given that there are only 8 genes in D. sechellia with S s , 0.
The lineage-specific estimates of S s in this gene-bygene analysis facilitate comparing the nature of selection between the X and the autosomes within D. sechellia. There are no significant differences between the mean estimates of the selection parameter of X-linked versus autosomal genes for genes with S s . 0 (P 5 0.37, Mann-Whitney U test). We can also examine whether autosomal or X-linked genes are over-or underrepresented by comparing the ratio of autosomal and X-linked genes in the full set to their ratio in the set of genes that show evidence of selection on synonymous sites. In D. sechellia, the ratio of X-linked genes to autosomal genes is significantly higher in the subset of genes with evidence of selection when S s . 0 (P 5 0.01, G-test), which is suggestive of either an excess of X-linked genes or a relative dearth of autosomal genes in this subset.
To gain more insight into the types of genes experiencing selection toward preferred codons in D. sechellia, we assessed whether certain functional categories of genes had systematically increased strengths of selection on synonymous sites. Only one GO term, ''cytoplasm organization and biogenesis,'' had significantly higher median estimates of S s than expected (P 5 0.02, see Methods). We also assessed whether there were any GO terms that were significantly overrepresented in the 5% FDR gene set (see Methods). The cellular component terms ''kinetochore'' and ''integral to membrane'' as well as the biological process term ''G-protein-coupled receptor protein signaling pathway'' are significantly enriched in 5% FDR set (P 0.042, all comparisons). The enrichment of genes associated with the ''integral to membrane'' term may be at least partly driven by genes also associated with the term ''G-proteincoupled receptor protein signaling pathway,'' as of the 27 genes associated with the former, 11 are also associated with the latter.
Finally, we specifically examined patterns of selection at synonymous sites at genes on the likely nonrecombining dot chromosome. Of the 38 genes dot chromosome genes with greater than 5 synonymous substitutions in D. melanogaster, 3 of them show statistically significant negative estimates of the selection parameter, although none of these genes survive correction for false discovery. In D. sechellia, 9 of 34 dot chromosome genes with more than 5 synonymous substitutions showed evidence in support of selection toward unpreferred codons, and one of these genes appears in the 5% FDR set.
Discussion
The molecular evolutionary process is composed of 2 distinct stages: the mutational generation of novel mutations and the subsequent population process through which these mutations are fixed or lost from the population. The maximum likelihood framework employed here allows for the separation of these 2 phases and estimates not only the relative rates of single nucleotide mutations but also selection parameters in a lineage-specific fashion. As a consequence, this method facilitates investigation of mutation rate variation between species as well as examining whether the nature and strength of selection on synonymous sites varies interspecifically.
Mutational Spectra and Base Composition
Previous inferences of the relative rates of single nucleotide substitutions have relied on nonfunctional sequences, such as pseudogenes and transposable elements. Because these types of sequences are thought to evolve in the absence of selective constraint, the background substitutional patterns revealed by these analyses may primarily reflect underlying mutational patterns. Such studies, which have been limited to mammals and Drosophila, have revealed significant intragenomic and interspecific variation in substitution profiles (Petrov and Hartl 1999; Singh et al. 2004 Singh et al. , 2006 .
The lineage-specific estimation of the relative rates of each of the 12 single nucleotide mutations allows for the investigation of interspecific variation in mutation rates. At a coarse scale, the mutational profiles from D. melanogaster and D. sechellia, presented in figure 1, bear striking resemblance to the previously documented substitutional profiles from other known Drosophila species (Petrov and Hartl 1999; Singh et al. 2004 Singh et al. , 2006 . One hallmark of the substitutional profile in Drosophila is the increased rate of C/T and G/A substitutions; this appears to be driven by the mutational process given that in both X-linked and autosomal genes in both D. melanogaster and D. sechellia, these transitions occur with the highest frequency. When coupled with previous reports from species as distantly related as Drosophila virilis (Petrov and Hartl 1999) and D. saltans (Singh et al. 2006) , these results are consistent with this elevation being a phenomenon that is general to all Drosophila species. However, unlike previous reports from other Drosophila species wherein the rates of A/G and T/C substitutions are similar to that of transversions (Petrov and Hartl 1999; Singh et al. 2004 Singh et al. , 2006 , the mutation rates of these transitions on both the X and the autosomes appear to have elevated rates in D. sechellia. Thus, although there do appear to be features of the mutational profile that are consistent across Drosophila, there also appear to be species-specific variations in the mutational spectrum.
While the relative rates of the 4 transitions are those that vary most dramatically between the 2 species, the remaining 8 single nucleotide mutations vary as well. To determine the overall impact of the differences in the relative rates of single nucleotide mutations between species, we estimated equilibrium GC content (p GC ) for X-linked and autosomal genes of each species. The p GC is consistently higher in D. sechellia than in D. melanogaster ( fig. 2) , which is to be expected given the relative increase in GC-enriching transitions and the relative decrease of the AT-enriching transitions ( fig. 1) . Consistent with these differences in p GC , comparing the mutation rate estimates of autosomal or X-linked genes between species within a likelihood framework reveals significant differences. This provides statistical support for a shift in mutational patterns in a brief period of evolutionary time, confirming previous observations and inferences (Takano-Shimizu 1999 Kern and Begun 2005; Akashi et al. 2006) and adds support to the emerging view that mutation rates are relatively labile on an evolutionary timescale.
The mutation rate estimation also facilitates investigating intragenomic variation in mutation rates. For instance, given that the X chromosome spends two-thirds of its evolutionary history in females and one-third of its evolutionary history in males, whereas the autosomes spend half of their evolutionary history in each sex, differences in the mutational profiles of X-linked versus autosomal genes may be consistent with sex-specific mutational biases. In both species, p GC of autosomal or X-linked genes differ by approximately 3-4%. Given our methodology, we cannot currently assess the statistical significance of intragenomic variation in mutation rates, and this is a direction of future research. The magnitude of this intragenomic variation is markedly lower than the interspecific differences in p GC , which are on the order of 7-14%. In addition, this order of magnitude of intragenomic variation of 3-4% is consistent with variation in p GC along a recombination gradient on the autosomes of the D. melanogaster genome . Of particular importance is the observation that in D. melanogaster p GC is decreased on the X chromosome, whereas the opposite is true for D. sechellia. If these differences in mutational patterns between the X and the autosomes truly arise from sex-specific mutational biases, this may suggest that sexspecific mutational biases are in fact lineage specific.
Finally, we can use the mutation parameter estimates to examine potential nonequilibrium base composition in coding sequences. Specifically, estimates of p GC can be compared with the observed GC content at 4-fold degenerate sites in X-linked and autosomal genes. Observed GC content is markedly greater than expectation for both autosomal and X-linked genes in both D. melanogaster and D. sechellia, although the magnitude of the departure is more pronounced in D. melanogaster ( fig. 2 ). This may in part be explained by selection on synonymous sites; given that most preferred codons in Drosophila are G or C ending, selection for increased codon bias will result in an increase in GC content at 4-fold degenerate sites. However, that a departure from expected GC content has been documented previously in noncoding sequences on the autosomes of the D. melanogaster genome ) may suggest that the nonequilibrium base composition in coding sequences may not entirely be due to selection on genic function and may instead reflect the difficulty in achieving base composition equilibrium given lineage-specific shifts in mutational patterns. It is also possible that the departure from equilibrium in noncoding sequences is affected by selection on these sequences as well. As a consequence, although base frequencies in both D. melanogaster and D. sechellia are not at their equilibrium values, determining the ultimate causes of the increased GC content relative to expectation is challenging. Assessing the impact of nonequilibrium base composition in extant species, presumed nonequilibrium ancestral base composition, as well as recent lineage-specific shifts in mutational patterns on the estimation of the strength and direction of selection at synonymous sites is best addressed by a simulation approach and will be a topic of future investigation.
Genomic Correlates of Selection Parameter Estimates
The analysis of genes in the 5% FDR set based on the test of H 0 : S 5 0 allows for the characterization of the relationships between genomic features for precisely the subset of genes with evidence for selection at synonymous sites and for the identification of genic parameters that are associated with such selection. It is important to note that because polymorphic sites within species might be erroneously considered fixed differences between species, our use of a single sequence from each species underestimates the strength of selection for positive selection parameter estimates and overestimates negative selection parameter estimates. This is principally due in a bias in the distribution of polymorphic variants toward unpreferred mutations. This bias may differentially affect the X chromosome and the autosomes in both species as polymorphism on the X chromosome, at least in D. melanogaster, is reduced compared with polymorphism on the autosomes (e.g., Andolfatto 2001) and may similarly pose less of a challenge in D. sechellia, where standing levels of variation are reduced relative to D. melanogaster (Kliman et al. 2000; Morton et al. 2004) . However, previous analysis of the impact of conflating polymorphism and divergence on selection parameter estimation suggests that the magnitudes of the increases/decreases in S are minor at best (Nielsen et al. 2007 ).
Drosophila sechellia: Positive Selection Parameter Estimates
Genes with positive estimates of S appear to be experiencing selection consistent with a traditional model of selection for increased translational efficiency/accuracy. Because the evolution of codon bias has been extensively studied in this system, we can formulate specific hypotheses to test using our data. For instance, previous reports suggest selection at synonymous sites is weak (Akashi 1995 (Akashi , 1997 McVean and Vieira 2001; Singh et al. 2004) . Consistent with these findings, our data suggest that the magnitude of the selection coefficient on codon bias is quite small, with a median value of S 5 2.04. If N e is 1 Â 10 6 , then the selective advantage (s) of individual alleles is on the order of 1 Â 10 À6 . Importantly, this method does not account for interference among selected mutations that may have a stronger, yet unknown, effect on the selection parameter estimates. Thus, although these genes do show evidence of selection on synonymous sites that is consistent with selection for increased codon bias, the magnitude of the effect is quite small.
If selection pressure for codon bias is conserved on an evolutionary timescale, then we expect genes with high codon bias to show evidence of strongest selection toward preferred codons. This is precisely what these data suggest as increases in the selection parameter estimate are associated with increases in codon usage bias in D. sechellia. Additionally, previous reports have shown that longer sequences generally have lower codon bias (Akashi 1996; Eyre-Walker 1996; Comeron et al. 1999; Duret and Mouchiroud 1999; Singh et al. 2005a) , which may be due to either Hill-Robertson interference or increased selective benefits of codon bias in shorter versus longer genes. If longer proteins are under weaker selection for preferred codons, we expect a negative correlation between protein length and the selection parameter estimate, which is recovered as well.
Drosophila sechellia: Negative Selection Parameter Estimates
Previous application of this maximum likelihood framework to a set of 18 genes revealed one gene, Notch, which showed a significantly negative selection parameter estimate in D. melanogaster. The application of this framework at the genomic scale facilitates investigating whether there are other genes that, like Notch, have selection parameter estimates that are significantly less than 0. These genes, while likely under selection at synonymous sites, are subject to selection on a feature other than increased codon bias in the traditional framework. Identification of such genes thus provides interesting avenues of future research as investigation of the molecular evolution of these genes may reveal novel selective pressures on synonymous sites.
Negative selection parameter estimates correspond to selection in favor of unpreferred codons, the causes of which are not immediately obvious. First, it is possible that the negative selection parameter estimates are an artifact of a potential misspecification of the mutation rate matrix. If significant heterogeneity in mutational patterns exists within autosomal and X-linked genes, which we have failed to capture by estimating a single mutation profile for each of these chromosome sets, then our estimates of selection may not be entirely accurate. Depending on the nature and the direction of the variations in the rates of the single nucleotide mutations, this could potentially result in spuriously negative selection parameter estimates. It is important to note that a misspecification of the mutation rate matrix is not sufficient to explain the negative estimate of S for Notch in D. melanogaster as this result is robust to the specification of the mutation matrix based on introns within this gene (Nielsen et al. 2007 ).
An alternative hypothesis is that genes with negative selection parameter estimates employ a different set of optimal codons than are currently defined for D. melanogaster. If genes with S , 0 were expressed in particular tissues, or only at particular stages during development and if there were tissue-or developmental stage-specific tRNA pools, it is theoretically possible that another set of optimal codons would be appropriate for these genes.
Additionally, preferred codons in Drosophila are GCbiased, and unpreferred codons are largely AT-biased. As a consequence, selection toward unpreferred codons is roughly analogous to selection in favor of increased AT content. If there is selection on base composition of coding sequences in Drosophila, genes with negative estimates of the selection parameter may correspond to those genes with selective pressure to increase AT content.
Further, genes with negative parameter estimates may correspond to genes for which reduced codon bias is selectively beneficial. Levels of codon bias affect rates and accuracy of protein translation and have also been implicated in affecting levels of active protein (Carlini and Stephan 2003) . It may be that recent changes in selective pressures have resulted in a selective benefit to reduced rates of translation and/or reduced levels of active protein for some genes.
Lastly, molecular evolution at synonymous sites may reflect selection for features beyond translational accuracy/ efficiency. Indeed, mutations at synonymous sites can impact protein folding (Kimchi-Sarfaty et al. 2007 ), and it is similarly possible that synonymous site changes can affect other features such as mRNA stability. Thus, genes with selection parameter estimate significantly less than zero may correspond to genes under selection relating to aspects of mRNA stability or protein folding.
Discussion remains open with respect to the ultimate causes of a negative selection parameter estimate, and given the relative dearth of genes of this type in both D. melanogaster and D. sechellia, it is difficult to determine whether or not there are defining characteristics of this gene set. In general, however, selection on synonymous sites in this gene class also appears to be weak, with a median estimate of S 5 -5.37 in D. sechellia.
Drosophila melanogaster
Only 3 genes in D. melanogaster show strong evidence for selection on synonymous sites. Of these, 2 have positive parameter estimates and 1 has a negative selection parameter estimate. This latter gene, Notch, was previously identified as evolving in a manner consistent with selection in favor of unpreferred codons (Bauer DuMont et al. 2004; Nielsen et al. 2007 ). This is particularly intriguing given that in D. sechellia (table 3) and D. simulans (Nielsen et al. 2007) , Notch is evolving in a manner consistent with selection in favor of preferred codons. The paucity of genes in this species with evidence for selection may indeed reflect a relaxation of selection on synonymous sites in this lineage, which has been suggested previously (Akashi 1995 (Akashi , 1996 McVean and Charlesworth 1999; Bauer DuMont et al. 2004; Akashi et al. 2006; Nielsen et al. 2007 ). However, this may also result from a lack of sufficient power to detect selection in D. melanogaster. One possibility is that the chi-squared approximation, which we use to assess the significance of the likelihood ratio, is not accurate in the tail of the distribution. It is not immediately obvious why this confounding factor would more greatly reduce power in D. melanogaster and not D. sechellia, but the observation that the correlations between S and other genic features of interest reported here in D. sechellia are also found in D. melanogaster (data not shown) suggests that there may indeed be (or has been until recently) selection on synonymous sites in this lineage as well.
It may also be the case that is more difficult to reject the null model that S 5 0 for genes with negative selection parameter estimates, and this is an avenue of future research. Were this the case, this would more greatly affect D. melanogaster than in D. sechellia because a larger proportion of genes show S m , 0 than S s , 0. This could ultimately shift the distribution of P values from the likelihood ratio test to the right in D. melanogaster relative to the distribution of P values from D. sechellia, which would result in fewer loci surviving a correction for multiple tests in the former. Further investigation of the nature and strength of selection on synonymous sites in D. melanogaster is thus warranted.
Selection Parameter Estimates: Intragenomic Comparisons
The estimation of lineage-specific selection parameters in a gene-by-gene manner allows for the direct comparison of the nature and strength of selection within D. sechellia. In particular, we can ask whether the autosomes and the X chromosome differ with respect to patterns of selection on synonymous sites. There is an overrepresentation of X-linked genes (or a dearth of autosomal genes) in the subset of genes with evidence for selection in D. sechellia. This may suggest that more genes on the X chromosome are subject to selection on synonymous sites or this excess of X-linked genes in the selected subset may result from an increased efficacy of selection on the X, as the estimated strength of selection on synonymous sites was not found to be greater on the X chromosome. This is consistent with previous observations of increased codon bias in X-linked genes in D. melanogaster (Comeron et al. 1999; Hambuch and Parsch 2005; Singh et al. 2005b) , D. pseudoobscura (Singh et al. 2005b) , as well as other Drosophila species including D. sechellia (Drosophila 12 Genomes Consortium, forthcoming).
To gain additional insight into the types of genes experiencing significant selection at synonymous sites, we investigated whether certain types of genes had characteristically increased estimates of the strength of selection toward preferred codons in D. sechellia. To do so, we used a custom GO-SLIM database with 105 GO terms and tested whether certain terms had significantly higher median estimates of S than expected given the distribution of the estimates of S in the set of genes that significantly reject the null model. Only one GO term, cytoplasm organization and biogenesis was associated with stronger selection for S . 0 in D. sechellia. Thus, genes involved in the assembly and arrangement of the cytoplasm and its components may be under the strongest selection for preferred codons.
Three additional GO terms are significantly overrepresented in the 5% FDR set: kinetochore, integral to membrane, and G-protein-coupled receptor protein signaling. These results suggest that genes involved in the formation of the kinetochore complex, transmembrane proteins, and genes involved in the signaling pathway generated as a consequence of a G-protein-coupled receptor binding to its physiological ligand may be most likely to be under selection for increased codon bias in D. sechellia.
Conclusions
Our analyses of coding sequence evolution in D. melanogaster and D. sechellia are suggestive of both intra-and interspecific differences in mutational patterns as well as patterns of selection at synonymous sites. In particular, these data hint at the possibility of sex-specific mutational biases that may vary among lineages and are consistent with variations in mutational profiles between species as well. With respect to patterns of evolution at synonymous sites, in both D. melanogaster and D. sechellia, we find evidence in support of individual genes evolving under selection both in favor of and against preferred codons. At a genomic scale, we find very little evidence in support for selection on synonymous sites in D. melanogaster as only 3 genes have strong evidence for selection. In contrast, almost 80 times as many genes show strong evidence for selection at synonymous sites in D. sechellia. These data thus highlight not only differences in the relative rates of single nucleotide mutations within and between species but also variations in both the nature and strength of selection on synonymous sites between species.
It is difficult to speculate as to the ultimate cause of the variation in patterns of mutation and selection between D. melanogaster and its close relative D. sechellia. Clearly, differences in the natural history characteristics between these species (e.g., the cosmopolitan versus island-endemic distribution of D. melanogaster vs. D. sechellia) are likely to contribute to some degree. Other factors such as demographic history of these species may also play a role. However, that our analyses reveal marked changes in the nature of selection at synonymous sites between D. melanogaster and its sister species indicates that patterns of mutation and selection can and do change rapidly on an evolutionary timescale. The consequences of these mutational and selective shifts as well as the underlying causes of these changes merit further investigation. manuscript and members of the Aquadro lab for fruitful discussion regarding this project. We are especially indebted to A. Larracuente and T. Sackton for their contributions and their marked assistance with respect to the GO analysis and masking of multispecies alignments, respectively. Comments from 2 anonymous reviewers improved the quality of this manuscript. Partial support for this work was provided by National Institutes of Health grant GM36431 to C.F.A. and National Science Foundation grant DMS-0201037 to R. Durrett, C.F. Aquadro and R. Nielsen.
